Introduction
============

*N*-Heteroarenes are among the most prevalent motifs in drug-like compounds.[@cit1] Notably, by 2014, over 84% of FDA-approved drugs contain at least one nitrogen, with 60% containing nitrogen heterocycles.[@cit2] Of the reported structures, pyrimidines are a prominent moiety, appearing in structures from nucleic acids to hundreds of bioactive molecules ([Fig. 1](#fig1){ref-type="fig"}).

![Bioactive molecules with pyrimidine cores.](c9sc00776h-f1){#fig1}

Significant progress has been made toward functionalization of such useful structures in the past few decades. One representative protocol is the Minisci reaction,[@cit3]--[@cit5] wherein nucleophilic radicals attack activated, electron-deficient heterocycles. Due to the recent renaissance of radical chemistry, various radical precursors can now be generated selectively *via* photoredox[@cit6]--[@cit10] or electrochemical catalysis,[@cit11]--[@cit13] creating an expansive toolbox for building molecular complexity in synthetic chemistry.

Despite the significant advances,[@cit14]--[@cit16] limitations are still present. Because of the requirement for harsh oxidants and elevated temperatures,[@cit5] Minisci reactions carried out *via* traditional approaches suffer from diminished regioselectivity and functional group tolerance, attributed to the electronics of the heteroarene. Recently, the employment of photoredox catalysis in the Minisci reaction has provided much milder conditions,[@cit15],[@cit17]--[@cit23] thus significantly improving its utility. However, the inherent requirement for acidic conditions hampers functional group tolerance and thus the potential for late-stage functionalization.

A few efforts have been made to overcome these challenges, one of which being homolytic aromatic substitution (HAS) of pre-functionalized heteroarenes. Traditionally, this concept has been underdeveloped in alkylation reactions, with the few extant examples utilizing harsh conditions,[@cit24]--[@cit26] or stoichiometric radical initiators (*e.g.*, AIBN, Bu~3~SnH, *etc.*).[@cit27],[@cit28] In a seminal report by MacMillan and coworkers, α-aminoalkyl species were used in the generation of nucleophilic radicals for HAS of chloro-substituted heteroaromatic compounds.[@cit29] Although various heteroarenes served as suitable partners, acceptable selectivity was difficult to achieve when polychlorinated compounds were applied. Kamijo and co-workers reported an alternative strategy,[@cit30] wherein heteroaromatic sulfones were used. In this study, benzophenone acted as a photosensitizer to generate radicals from α-alkoxy- or α-aminoalkanes. Using this protocol, selective alkylation of sulfones was achieved in the presence of chlorides. Although readily available, UV light must be applied to excite benzophenone. Notably, in both of these studies, the reactions were limited to stabilized α-alkoxyalkyl- or α-aminoalkyl radicals. With this in mind, alkyl bis(catecholato)silicates[@cit7] and 4-alkyl-1,4-dihydropyridines (DHPs)[@cit8] were envisioned to serve as more versatile radical precursors under visible light photoredox conditions, with the potential to alkylate polysubstituted heteroaryl sulfones selectively ([Scheme 1](#sch1){ref-type="fig"}). Herein, an acid- and oxidant-free photoredox-mediated alkylation strategy of *N*-heteroaryl sulfones is described, which can be conducted with excellent selectivity and functional group tolerance.

![Reported precedents and envisioned transformation.](c9sc00776h-s1){#sch1}

Results and discussion
======================

As outlined in [Scheme 1](#sch1){ref-type="fig"}, a single-electron transfer (SET) event was envisioned to generate alkyl radicals from the radical precursor. These radicals could engage heteroaromatic sulfones, with subsequent sulfinate extrusion leading to a recovery of aromaticity, simultaneously turning over the catalytic cycle by oxidation of the reduced photocatalyst. Because of their low oxidation potentials (*E*~red~ = +0.4 to 0.7 V *vs.* SCE),[@cit7] an investigation was undertaken using alkyl bis(catecholato)silicates as radical precursors. The initial attempt of using \[Ru(bpy)~3~\]\[PF~6~\]~2~, whose photoexcited state is sufficient to oxidize (*E*~red~ = +0.77 V *vs.* SCE) alkylsilicates,[@cit7],[@cit31] provided a 78% isolated yield (entry 4, [Table 1](#tab1){ref-type="table"}). In an attempt to achieve metal-free catalysis, we then investigated the applicability of different organophotocatalysts (entries 1--3, [Table 1](#tab1){ref-type="table"}). Unfortunately, although the desired product was observed, the yield was not satisfactory. Various solvents were screened, and strong, polar aprotic solvents generally showed better activity, with DMF as the optimal solvent, while the diminished solubility of alkylsilicates in MeCN hampered the reaction (entries 4--6, [Table 1](#tab1){ref-type="table"}).[@cit7],[@cit32] Finally, to examine the compatibility of different radical precursors, 4-cyclohexyl-1,4-dihydropyridine (DHP) and cyclohexyltrifluoroborate were also used under modified conditions (entries 7--8, [Table 1](#tab1){ref-type="table"}).[@cit8],[@cit33] The alkyl DHP exhibited a comparable yield using the 4CzIPN organophotocatalyst (*E*~red~ = +1.35 V *vs.* SCE), while a much lower yield was observed with the RBF~3~K salt.

###### Optimization of the reaction conditions[^*a*^](#tab1fna){ref-type="fn"}

  ![](c9sc00776h-u1.jpg){#ugr1}                                                                                                                                      
  ------------------------------- --------------------------------------------------------- ------------------------------------------------------------------------ --------
  1                               Eosin Y                                                   None                                                                     26
  2                               4CzIPN                                                    None                                                                     14
  3                               Rhodamine 6G                                              None                                                                     0
  **4**                           **\[Ru(bpy)** ~**3**~ **\]\[PF** ~**6**~ **\]** ~**2**~   **None**                                                                 **78**
  5                               \[Ru(bpy)~3~\]\[PF~6~\]~2~                                DMSO                                                                     52
  6                               \[Ru(bpy)~3~\]\[PF~6~\]~2~                                MeCN                                                                     0
  **7**                           **4CzIPN**                                                **Cy-DHP instead of Cy-\[Si\]** [^*c*^](#tab1fnc){ref-type="table-fn"}   **75**
  8                               4CzIPN                                                    Cy-BF~3~K instead of Cy-\[Si\][^*d*^](#tab1fnd){ref-type="table-fn"}     15
  9                               na                                                        No photocatalyst                                                         0
  10                              \[Ru(bpy)~3~\]\[PF~6~\]~2~                                Open to air                                                              14
  11                              \[Ru(bpy)~3~\]\[PF~6~\]~2~                                No light                                                                 24
  ![](c9sc00776h-u2.jpg){#ugr2}                                                                                                                                      

^*a*^ **1a** (0.1 mmol, 1.0 equiv.), **2a**, (0.12 mmol, 1.2 equiv.), photocatalyst (2.5 mol%), DMF (1 mL, 0.1 M) at rt under blue LED irradiation.

^*b*^Isolated yield.

^*c*^Acetone as the solvent.

^*d*^MeCN as the solvent.

With suitable conditions in hand, the substrate scope was investigated. As shown in [Table 2](#tab2){ref-type="table"}, various alkylsilicates were applied toward the alkylation of several heteroaryl sulfones. Both secondary (**3a** and **3b**) and primary alkyl radicals (**3c--h**) were installed with moderate to good yields. Different functional groups, such as alkenes (**3d**), esters (**3e**), perfluoroethers (**3f**, **3j**, and **3m**) and an alkyl chloride (**3i**) were accommodated. Notably, an unprotected secondary amine survived the reaction with a relatively good yield (**3g**), which would be otherwise challenging under previously reported Minisci conditions.[@cit15] The electron-rich pyrrole group (**3h**) was challenging to install, likely because of its propensity to polymerize,[@cit32] but the desired product was still isolated, albeit with a compromised yield.

###### Alkylation of heteroarenes with silicates[^*a*^](#tab2fna){ref-type="fn"}
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  -------------------------------
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^*a*^Reaction conditions: alkylsilicate (0.6 mmol, 1.2 equiv.), heteroaryl sulfone (0.5 mmol, 1.0 equiv.) \[Ru(bpy)~3~\]\[PF~6~\]~2~ (0.0125 mmol, 2.5 mol%), DMF (5 mL, 0.1 M).

Challenges emerged in moving to the scope of heteroaryl methyl sulfones. Different heteroaromatic ring systems (**3l** and **3m**), and different substitution patterns, such as mono-chloro substitution, 4-substituted sulfones (**3j**), and mono-methoxy substitution (**3k**), are tolerable, but the yields were heavily compromised. Even though diminished S~N~Ar reactivity would be expected with more electron-rich systems, previous reports have shown that little activation of the pyrimidyl backbone is required. This led to a hypothesis that it might be the stability of the alkylsilicates that caused the problem.[@cit30]

With a higher oxidation potential (∼+1.05 V *vs.* SCE)[@cit8] and better stability, alkyl 1,4-dihydropyridines (DHPs) seemed to be a promising potential solution to this problem. Indeed, our initial screening had shown only a slightly lower yield using these partners ([Table 1](#tab1){ref-type="table"}, entry 7). Moreover, with the application of the DHP derivatives, the inexpensive organophotocatalyst, 4CzIPN, could be used. Furthermore, the DHP partners are derived from commodity chemicals (alkyl aldehydes, primary alcohols) that are much more abundant than the silicates, making this transformation infinitely more appealing from the viewpoint of structural diversity. In the event, using cyclohexyl DHP (**5a**) under optimal conditions, the desired product was isolated in a slightly higher yield than that with the corresponding silicate (**3a**).

Encouraged by this result, we moved on to explore the scope with diverse DHPs ([Table 3](#tab3){ref-type="table"}). Fortunately, a general improvement of yield was observed, with transformations ranging from 34% to 87%. In addition to their compatibility with olefins (**5c--e**), various nitrogen- or oxygen-containing saturated heterocycles were installed, including dioxolanes (**5i** and **5l--5o**), dihydro- and tetrahydropyrans (**5e**, **5h**, and **5k**), and a protected piperidine (**5g**), which are of interest in medicinal chemistry. Notably, the dimethoxymethylene group was also compatible (**5j**), providing a 70% yield, rendering a convenient way of installing an aldehyde on the pyrimidyl backbone. Of note, various substitution patterns on the pyrimidyl backbones, including 6-sulfonyl (**5l**), mono- and di-methoxy (**5m**, **5n**) and ethyl ester (**5o**) have been achieved with yields ranging from 46 to 73%. With multiple functionalization handles on the products, the substrates would appear valuable for rapid synthesis of diverse heteroaromatic structures.

###### Alkylation of heteroarenes with DHPs[^*a*^](#tab3fna){ref-type="fn"}
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^*a*^Reaction conditions: 4-alkyl-1,4-dihydropyridine (0.6 mmol, 1.2 equiv.), heteroaryl sulfone (0.5 mmol, 1.0 equiv.), 2,4,5,6-tetra-(9*H*-carbazol-9-yl)isophthalonitrile (4CzIPN) (0.0125 mmol, 2.5 mol%), acetone (5 mL, 0.1 M).

To demonstrate the utility of the developed method further, we attempted to apply a saccharide-derived DHP to this transformation, as these scaffolds are of some value in drug discovery ([Scheme 2](#sch2){ref-type="fig"}).[@cit34]--[@cit37] Gratifyingly, not only could **5p** be prepared in good yield (54%, [Scheme 2](#sch2){ref-type="fig"}), but the diastereoselectivity was also excellent (dr \> 20 : 1). It is noteworthy that when a previously developed Minisci-type transformation introduced by our group was used to access this target structure,[@cit14] no desired product was observed.

![Heteroaryl alkylation with sugar DHPs.](c9sc00776h-s2){#sch2}

Several investigations support the proposed mechanistic reaction pathway. Control experiments (entries 9--11, [Table 1](#tab1){ref-type="table"}) showed the necessity of light and photocatalyst. Stern--Volmer fluorescence quenching studies of 4CzIPN showed no quenching with 4,6-dichloro-2-(methylsulfonyl)pyrimidine, while an efficient dynamic quenching was observed using cyclohexyl DHP as the quencher, with *K*~SV~ = (9.3 ± 0.6) × 10^2^ M^--1^, largely disfavoring the possibility of a photoactivating sulfone species. To further confirm the unlikelihood of heteroaryl sulfone reduction, we carried out a cyclic voltammetry study of 4,6-dichloro-2-(methylsulfonyl)pyrimidine. The measured potential was --1.68 V *vs.* SCE (see ESI[†](#fn1){ref-type="fn"}), implying that the formation of alkyl radical *via* oxidation of the alkyl DHP was significantly more favorable.

Conclusions
===========

In conclusion, a selective photoredox-catalyzed alkylation reaction of *N*-heteroaryl sulfones has been developed. To highlight the advantages of the acid- and oxidant-free conditions, several challenging motifs have been installed on the medicinally valuable heteroaromatic systems -- in particular, monosaccharide motifs and unprotected amines. With excellent selectivity and several functionalization handles accommodated on the backbone, this method may be of value in accelerating the synthesis of drug-like molecules.
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